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ABSTRACT
The Breakthrough Starshot initiative aims to launch a gram-scale spacecraft to a speed of v ∼ 0.2c,
capable of reaching the nearest star system, α Centauri, in about 20 years. However, a critical
challenge for the initiative is the damage to the spacecraft by interstellar gas and dust during the
journey. In this paper, we quantify the interaction of a relativistic spacecraft with gas and dust
in the interstellar medium. For gas bombardment, we find that damage by track formation due to
heavy elements is an important effect. We find that gas bombardment can potentially damage the
surface of the spacecraft to a depth of ∼ 0.1 mm for quartz material after traversing a gas column
of NH ∼ 2× 10
18 cm−2 along the path to α Centauri, whereas the effect is much weaker for graphite
material. The effect of dust bombardment erodes the spacecraft surface and produces numerous
craters due to explosive evaporation of surface atoms. For a spacecraft speed v = 0.2c, we find that
dust bombardment can erode a surface layer of ∼ 0.5 mm thickness after the spacecraft has swept
a column density of NH ∼ 3 × 10
17 cm−2, assuming the standard gas-to-dust ratio of the interstellar
medium. Dust bombardment also damages the spacecraft surface by modifying the material structure
through melting. We calculate the equilibrium surface temperature due to collisional heating by gas
atoms as well as the temperature profile as a function of depth into the spacecraft. Our quantitative
results suggest methods for damage control, and we highlight possibilities for shielding strategies and
protection of the spacecraft.
Subject headings: interstellar medium, interplanetary medium, spacecraft
1. INTRODUCTION
The Breakthrough Starshot initiative5 aims to launch
gram-scale spacecrafts with miniaturized electronic com-
ponents (such as camera, navigation, and communica-
tion systems) to relativistic speeds (v ∼ 0.2c). This will
enable the spacecraft to reach the nearest stars, like α
Centauri (distance of 1.34 pc), within a human lifetime.
Such spacecrafts would also revolutionize human explo-
ration of the solar system, the neighboring Oort cloud,
and the local interstellar medium (ISM). Given the po-
tential feasibility of the suggested technology 6 to accel-
erate a small spacecraft to relativistic speeds, the next
essential question concerns the effects of the interplan-
etary and interstellar media on the spacecrafts. Will a
spacecraft moving relativistically be able to sustain the
damage inflicted by the interstellar gas and dust?
On its journey through the interstellar medium, a rela-
tivistic spacecraft will collide with interstellar atoms and
dust grains. In the rest frame of the spacecraft, the exter-
nal atoms will stream relativistically and their bombard-
ment will damage the surface of the spacecraft and pose
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a potential challenge for its sensitive electronic compo-
nents. A quantitative study of interstellar gas and dust
interactions with the spacecraft is necessary for engineer-
ing a system that is able to protect the spacecraft.
This paper makes use of previous studies on the
destruction of fast moving dust grains. In partic-
ular, Hoang, Lazarian, & Schlickeiser (2015) (hereafter
HLS15) studied the destruction of relativistic grains in
various environmental conditions by a number of phys-
ical processes, including thermal sublimation, electronic
sputtering, grain-grain collisions, and Coulomb explo-
sions. HLS15 identified that, for relativistic dust, the
most important damage processes are Coulomb explo-
sion and explosive evaporation following grain-grain col-
lisions. In light of this study, we might also expect that
damage of v ∼ 0.1c spacecraft is dominated by colli-
sions with ambient dust grains. The rate of hits by in-
terstellar dust was estimated by Lubin (2016) for a vari-
ety of shapes of the spacecraft. Our paper evaluates the
damage both by interstellar dust grains and gas atoms
through detailed treatment of interactions.
The structure of the paper is as follows. We
first present a general description of the Breakthrough
Starshot program and spacecraft properties in Section 2.
Then, we discuss the general physics involved for the rel-
ativistic spacecraft’s interaction with interstellar gas in
Section 3, and quantify the damage to the spacecraft by
gas bombardment in Section 4. Section 5 is devoted to
the interaction of dust grains with the spacecraft. The
problem of heating due to collisions and radiation field is
treated in Section 6. We present an extended discussion
in Section 7 and summarize our results in Section 8.
2. GENERAL DESCRIPTION OF SPACECRAFTS AND
MODEL PARAMETERS
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Fig. 1.— Schematic of the needle-like spacecraft of height H,
width W , and length L. The spacecraft surface area is A =WH.
Breakthrough Starshot7 is a research and engineering
program aiming to demonstrate proof-of-concept for new
technology enabling ultra-light unmanned space flight at
20% of the speed of light and to lay the foundations
for a flyby mission to α Centauri within a generation.
The spacecraft design is expected to consist of two main
components: a Starchip and the lightsail. The lightsail
is expected to be less than 1µm thick and made of a
highly reflective material such as graphene-based mate-
rials. The Starchip contains electronic instruments (i.e.
sensors, cameras, etc.), presumably made of semiconduc-
tor material such as quartz. Therefore, hereafter, we
discuss the effects of interstellar matter on a spacecraft
made of quartz and graphite. We stress that the results
of this paper can easily be modified for other material
setups as necessary.
We model the Starchip as a thin tube of height H ,
width W , and length L. An optimal shape of the space-
craft perhaps is needle-like of H =W ≪ L, as shown in
Figure 1. Note that three different shapes of the space-
craft, including face on, edge on, and a long thin rod,
were suggested by Lubin (2016). We assume the space-
craft is moving with the velocity parallel to the long
axis, such that the cross-section area of the spacecraft
is A = WH = H2. We perform our calculations as-
suming a relativistic speed for the spacecraft in the wide
range v = 0.05c− 0.5c.
3. PHYSICAL PROCESSES IN RELATIVISTIC
SPACECRAFT-GAS INTERACTION
We first discuss the important physical processes for a
relativistic spacecraft in the ISM. The physics is analo-
gous to that of relativistic dust presented in HLS15, but
due to the much larger size of the spacecraft, some re-
lated effects are distinct from those of smaller relativistic
grains.
3.1. Bombardment by interstellar atoms
Interstellar gas consists mostly of hydrogen and helium
with traces of heavy elements. While H and He consti-
tute most of the gas mass, massive atoms are more potent
in causing damage to the spacecraft walls. We note that,
since the electrons of the interstellar atom are rapidly
stripped off upon entering the spacecraft surface, subse-
quent interactions of the atom with the target is essen-
tially determined by its nucleus. In this paper, nucleus
and ion are used interchangeably because the damage by
atomic electrons is subdominant.
The interaction between a rapidly moving heavy ion
and the surface can be divided into several phases.
First, upon penetrating the surface, a fast heavy ion
triggers numerous electronic excitations, mostly ioniza-
tions, which later produce energetic secondary electrons
and holes. Before releasing secondary electrons, excited
7 https://breakthroughinitiatives.org/Concept/3
atoms with dense electronic excitations relax to low en-
ergy levels, accompanied by lattice relaxation, which in-
volves the transfer of energy from highly excited atoms
to nearby atoms.
Next, these hot secondary electrons produce Auger
electrons and quickly transfer their energy to lattice
atoms in a narrow cylinder along the ion path, which
transiently increases the temperature of the cylinder, es-
tablishing a heating phase. At this stage, a phase tran-
sition from solid to liquid can occur in the cylinder if
the acquired temperature is above the melting point. As
we discuss later, this leads to permanent defects if the
cooling is sufficiently fast (i.e., liquid is quenched-in).
Then, material in the cylinder cools down by transfer-
ring their energy to nearby atoms, leading to the cooling
phase. Finally, excited atoms reach some equilibrium
temperature of the lattice through heat conduction. The
aforementioned processes occur on a short timescale of
10−13 − 10−10 s at the microscopic level (see Itoh et al.
2009).
One important parameter characterizing energy trans-
fer from a fast ion to the target is the rate of ion energy
loss per unit length, also called stopping power, dE/dx.
This is computed by summing over all possible ioniza-
tions and electronic excitations that the ion induces to
target atoms (Fano 1963; Ziegler 1999; HLS15).
To calculate stopping power dE/dx for different inter-
stellar atoms, we use the publicly available SRIM code
(Ziegler et al. 2010). SRIM allows us to compute dE/dx
from nuclear and electronic interactions for various ions
and materials. Figure 2 shows dE/dx as a function of
the ion speed for the 16 most abundant elements in
the ISM, computed for quartz and graphite materials.
The stopping power is maximal around some speed (e.g.,
v ∼ 0.015c for H), corresponding to the maximum cross-
section of electronic interactions between ions and target
atoms. When v increases beyond the peak speed, dE/dx
falls rapidly because the cross-section of electronic inter-
actions declines as 1/v2 (see e.g., HLS15). The value
of dE/dx for graphite is slightly larger than for quartz
because the chosen graphite has higher atomic number
density (see Table 1).
From Figure 2 it follows that, at v ∼ 0.1c, a light
atom (He) deposits an excitation energy per target atom,
Eexc = ldE/dx ≤ 6 × 10
8n−1/3 ∼ 13 eV where n is
the number density (see Table 1) and l = n−1/3 is the
mean distance between two lattice atoms. Similarly, a
heavy atom (Fe) deposits Eexc ∼ 10
3 eV. The energy
provided by light atoms is sufficient to ionize a couple of
electrons in the outer electronic shells per target atom
following each collision with the spacecraft. Although
these secondary electrons can transfer energy to lattice
atoms, the low number of secondary electrons is insuffi-
cient to induce any modification in the structure material
of spacecrafts. Heavy ions are therefore expected to pro-
duce major damage to the spacecraft due to much larger
excitation energy.
3.2. Formation of Damage Track
The formation of permanent damage tracks of a
few nanometer width in a solid by fast heavy ions
was reported many years ago (Silk & Barnes 1959;
Fleischer et al. 1965). Since then, track formation has
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Fig. 2.— Stopping power dE/dx as a function of the ion speed, v, based on the SRIM software for interstellar gas elements with gas-phase
abundance relative to hydrogen above 10−6. Both quartz (left panel) and graphite (right panel) materials are considered.
been extensively studied for various materials, includ-
ing insulators Toulemonde et al. 2004, semiconductors
Meftah et al. (1994), graphite (Liu et al. 2001), and met-
als (Dunlop et al. 1994).
The physics of track formation is complex (see e.g.,
Itoh et al. 2009 for a review). The basic idea is that, to
form permanent damage to a solid, the lattice structure
must be modified during the heating stage or lattice re-
laxation stage, provided that the cooling is sufficiently
rapid so that the modified structure is quenched-in.
Two leading models were proposed to explain track
formation, namely the thermal spike model (Seitz 1949)
and the displacement spike model (Fleischer et al. 1965).
In the thermal spike model, track formation is thought to
occur during the heating stage. In the displacement spike
model, Coulomb repulsion between transiently ionized
atoms in the hot cylinder directly converts electrostatic
energy to atomic motion, resulting in the displacement
of atoms away from the track core (Johnson & Brown
1982). The thermal spike model can explain track for-
mation in insulators (Toulemonde et al. 2000) as well as
in metals (Wang et al. 1994).
Experimental studies show that the damage track is
formed when the stopping power dE/dx is larger than
some threshold value Sth. Such a threshold Sth varies
with materials (Itoh et al. 2009). For quartz (SiO2,
an insulator), the threshold stopping power is Sth =
1.5keV/nm (Meftah et al. 1994). For graphite, track for-
mation was observed for Sth ∼ 5.1keV/nm (Liu et al.
2001). For material with high thermal conductivity (e.g.,
Cu, diamond), track formation is not expected at any
stopping power.
In Table 1 we present two well-known surface materi-
als and their properties, including the mass density (ρ),
atomic number density (n), threshold stopping power
Sth, binding energy U0, and melting temperature Tm.
An important process accompanied track formation by
heavy ions is the sputtering of atoms from the spacecraft
surface. HLS15 found that electronic sputtering is dom-
inated by Fe, but it is rather inefficient at relativistic
speeds v ∼ c. For a spacecraft traveling at v ∼ 0.2c,
electronic sputtering is expected to be more efficient be-
cause of the higher stopping power (see Fig. 2). However,
due to the low abundance of gas-phase Fe, sputtering has
TABLE 1
Physical properties of spacecraft materials considered in
this paper.
Material Sth(keV/nm) ρ(g cm
−3) n( cm−3) U0(eV) Tm(K)
SiO2 1.5 2.32 6.98E+22 6.4 1800
Graphite 5.1 2.25 1.12E+23 4.0 4000
a minor effect for the damage of the spacecraft surface.
3.3. Heating of spacecraft by gas collisions and radiation
Light interstellar atoms essentially transfer most of
their energy to target atoms, raising the temperature of
the spacecraft. Heavy elements produce damage tracks
as well as provide a source of heating. Interstellar pho-
tons and cosmic microwave background radiation can
also heat the spacecraft.
As we demonstrate in the next section, gas atoms at
relativistic speeds are fully stopped over a distance of a
few millimeter, much smaller than the centimeter-length
of spacecrafts, transferring their entire energy to the sur-
face layer. Thus, we have a situation in which the sur-
face is supplied with a constant heat flux from collisions.
This heat is then transferred inward through heat con-
duction and can raise the temperature of electronic de-
vices, unless it is radiated away. As we will show, some
temperature difference between the front and back sides
of the spacecraft might be a useful source of power for
thermopower batteries on board the spacecraft.
3.4. Charging of spacecraft
For a cm-size spacecraft, incident electrons and ions
will be stopped by the spacecraft and will not increase the
overall charge. Although secondary electrons are created
during this bombardment process, they usually do not
have enough energy to travel from the created place to
the spacecraft surface to become free electrons. Indeed,
the range of the secondary electrons is rather short of
Re ∼ 120 A˚ for Ee ∼ 1keV (see Equation B1). As a
result, collisional charging is negligible.
The photoelectric effect is still considerable because,
for ultraviolet (UV) photons of energy below 100 eV, the
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photon attenuation length (absorption length) is about
10A˚ (Weingartner & Draine 2001b). Therefore, a frac-
tion of photoelectrons will escape the surface. However,
the acquired charge is insufficient to induce a major effect
on the spacecraft. This is in contrast to the case of rela-
tivistic grains moving at v ∼ c where the UV radiation is
boosted to X-ray, resulting in efficient dust destruction
via Coulomb explosions or ion field emission (HLS15).
4. EFFECTS OF INTERACTIONS WITH INTERSTELLAR
GAS
We now quantify the effects of spacecraft-relativistic
gas interactions which were outlined in Section 3.
4.1. Penetration length of interstellar atoms
We seek to calculate the average length R that an en-
ergetic atom can penetrate inside the spacecraft. The
average length that a projectile of initial energy E0 pen-
etrates into solid before completely stopped is defined
as
R(E0) =
∫ 0
E0
(
dE
dx
)−1
dE, (1)
where dE/dx is the stopping power of the atom within
the material.
In calculating R(E0), we take dE/dx computed with
the SRIM code, as shown in Figure 2. Figure 3 (left)
shows the derived penetration length as a function of
atomic mass, M , for the different values of spacecraft
speeds. Atoms with higher speeds can penetrate deeper
into the solid, as expected. For a typical speed of v =
0.2c, heavy ions are stopped within R < 1 mm, while
light ones (i.e., H, He) are stopped at larger depths.
4.2. Track Radius
The radius of a damage track produced by fast heavy
ions has been measured for quartz (Meftah et al. 1994)
and graphite (Liu et al. 2001). Analytical models were
suggested to relate the track radius with the ion stop-
ping power dE/dx, including the bond-breaking model
(Tombrello 1994) and thermal spike model Szenes (1997).
Following Szenes (1997), the radius of the ion track in
quartz can be described by
r2tr=a
2
0ln
(
dE/dx
Sth
)
for Sth < dE/dx < 2.7Sth, (2)
r2tr=a
2
0
dE/dx
2.7Sth
for dE/dx > 2.7Sth, (3)
rtr=0 for dE/dx < Sth, (4)
where a0 is a model parameter, and Sth is the threshold
power listed in Table 1.
Figure 4 presents the track radius as a function of
dE/dx computed with Equations (2) and (3) compared
to the experimental data from Meftah et al. (1994). The
good fit is obtained for a0 = 2.2 nm. In addition, the
data for graphite can be fitted with a power law rtr =
a0(dE/dx/Sth)
α. The fit is good for high dE/dx, but
slightly overestimates the data for dE/dx < 10keV/nm.
For the same dE/dx, the track radius of graphite is
smaller than of quartz because the latter is well con-
ducting material that transfers heat from the track core
faster.
To compute the track radius induced by various heavy
ions in the ISM, we use Equation (2) with the best-fit
parameters and interpolate for the ion stopping power
dE/dx. Figure 5 (upper) shows the values of rtr com-
puted for the different atoms at several ion speeds from
v = 0.05c to v = 0.4c. For quartz, the track radius
decreases significantly with increasing v (upper panel).
This stems from the fact that dE/dx decreases rapidly
with increasing v (see Figure 2). For v = 0.05c, track for-
mation exists for ions with atomic massM ≥ 16 (oxygen
and heavier atoms). At a higher speed of v = 0.1c, the
ion that produces a track should have a mass M ≥ 25,
and only ions withM > 55 can produce track at v = 0.4c.
For graphite (lower panel), the track radius depends
slightly on the speed for v = 0.05c− 0.15c, and no track
is produced for v ≥ 0.2c.
4.3. Surface Damage
Let xi be the gas-phase abundance of element i relative
to hydrogen, such that the density of element i is ni =
xinH where nH is the proton number density in the gas.
The collisional rate of the spacecraft with gas atoms i
is nivA where A is the geometrical cross-section of the
spacecraft. Each heavy atom i produces a damage track
of radius rtr,i and area πr
2
tr,i. Therefore, the total surface
area of the spacecraft damaged by all interstellar atoms
after a time interval dt is calculated as the following:
dS =
∑
i
πr2tr,i × xinHvA× dt =
∑
i
πr2tr,ixiAdN, (5)
where dN = nHvdt is the column density of gas swept
by the spacecraft after dt.
To obtain the total damaged surface area S of the
spacecraft after traversing the gas column NH, we can in-
tegrate Equation (5) from N = 0 to N = NH. However,
there is possible overlaps between different tracks created
at the different epochs. Thus, Equation (5) must be mul-
tiplied with the probability that the incoming atoms do
not fall in to the already damaged area, which is equal
to (A − S)/A (see Gibbons 1972). The final version of
Equation (5) is therefore,
dS =
∑
i
πr2tr,ixiA
(
1−
S
A
)
dN. (6)
The fraction of the surface area damaged by gas col-
lisions after traversing a gas column of NH is calculated
as:
fS =
∫ S
0
dS
A
= 1− exp
(
−
∑
i
πr2tr,ixiNH
)
, (7)
where rtr,i is the function of the speed (see Figure 5).
For the assumed geometry of the spacecraft (see Figure
10), fS is independent of the spacecraft surface area A.
The gas-phase abundance of some elements for
the line of sight toward α Centauri was measured
by Linsky & Wood (1996) who estimated log(xFe) ≡
log(NFe/NH) = −5.05 to −5.65, and log(NMg/NH) =
−4.78 to −5.38 for Fe and Mg, respectively. The gas-
phase abundance of other elements is taken from Jenkins
(2009).
Figure 6 (left panel) shows the value of fS as a function
of NH for different elements moving at v = 0.05c, where
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the shaded line shows the range of measured gas column
density toward α Centauri. The surface is damaged after
the spacecraft sweeps a gas column NH ∼ 3× 10
17 cm−2.
The major contribution to the damage is from heavy el-
ements such as O and Fe.
Figure 6 (right) shows the total value fS obtained from
Equation (7) for different speeds v = 0.05 − 0.3c. The
fraction of the damaged surface decreases with increasing
v because of the decrease of the track radius with v (see
Figure 5, upper panel). For v = 0.2c, about 70% of the
surface is damaged when NH ∼ 2× 10
18 cm−2.
Figure 7 shows the results for graphite. Here, the
damage is small for v = 0.05c, with fS ∼ 0.3 at
NH = 10
18 cm−2. Above v = 0.1c, the damage is negligi-
ble (see right panel).
4.4. Volume filling factor of damage tracks
The increase in the damaged volume of the spacecraft
after dt is given by
dV =
∑
i
πr2tr,iRi × xinHvAdt×
(
1−
V
LA
)
, (8)
where Ri is the penetration length of element i, and
the summation is taken over only ions that can produce
tracks (i.e, dE/dx ≥ Sth). Here, the term 1 − V/LA
denotes the probability that the newly damaged volume
will not coincide with the previously damaged volume.
Equation (8) can be rewritten as
dV
1− V/LA
=
∑
i
πr2tr,iRi × xiAdN. (9)
Finally, we calculate the volume filling factor of dam-
age tracks by gas bombardment:
fV =
∫ V
0 dV
LA
= 1− exp
(
−
∑
i πr
2
tr,iRixiNH
L
)
. (10)
The left panel of Figure 8 shows fV due to different
interstellar atoms at v = 0.05c. The damage is domi-
nated by O, Fe, and Mg, despite their low abundance. A
surface layer of thickness L = 0.1 mm can be damaged
substantially after the spacecraft has swept a gas column
of NH ∼ 10
18 cm−2. The right panel of Figure 8 shows
the results for different speeds v = 0.05− 0.25c and the
thickness of L = 0.1 mm and 1 mm. Interestingly, the
value of fV varies slowly with v, in contrast to the surface
damage fS (see Figure 6). This is because the increasing
penetration length can compensate for the decrease of
the surface area at larger speeds v.
Figure 9 shows the similar results for graphite. In dif-
ference from quartz, graphite can be damaged to a very
thin layer of L ∼ 0.01 mm by the time the spacecraft
6 Hoang, Lazarian, Burkhart, & Loeb
10 20 30 40 50 60 70
                                          
r t
r(
n
m
)
graphite
r t
r(
n
m
)
O
quartz
0.
3c
Mg
P
S  Cl
T 
C
M
F
N 
Cu
Z
Cl T  CM
F
N  Cu
Z
v	
0	
0	
Fig. 5.— Radius of damage track computed for the various ions
bombarding a surface made of quartz (upper panel) and graphite
(lower panel). Higher speeds result in lower track radius. Only very
heavy ions (e.g. Fe) can produce tracks in graphite at v ≤ 0.15c.
reaches α Centauri.
5. INTERACTION OF A RELATIVISTIC SPACECRAFT
WITH INTERSTELLAR DUST
5.1. Overview of possible consequences from dust
bombardment
In this section we consider the interaction of the rela-
tivistic spacecraft with interstellar dust grains. In the
limit of relativistic speeds, dust bombardment to the
target spacecraft can be considered as the simultaneous
bombardment of a cluster of heavy atoms from the dust
grain because the kinetic energy of atoms is much larger
than the binding energy of the grain atoms. During the
collision, grain atoms and target atoms are both ionized,
producing energetic secondary electrons. Such hot elec-
trons quickly loose their kinetic energy by transferring
to target atoms in a cylinder along the grain track which
raises the lattice temperature (see Section 3). As time
goes on, the temperature declines while the hot cylin-
der spreads due to heat conduction (see Appendix B).
This results in the damage of an extended area of the
spacecraft surface. Naturally, the dust grain melts and
evaporates gradually.
The energy loss per unit of pathlength of a dust grain
of size a to the target can be evaluated as
dEd
dx
= Nd
dE1
dx
=
4πa3nd
3
dE1
dx
, (11)
where Nd is the total number of atoms in the dust
grain, nd is the atomic number density of the dust, and
dE1/dx is the average energy loss per grain atom per
pathlength in the spacecraft. To compute dE1/dx, we
adopt MgFeSiO4 and pure C for interstellar silicate and
graphite dust.
Let ǫ be the fraction of energy loss dEd/dx transferred
to lattice atoms. The total energy transferred from the
grain to target atoms in a cylinder of radius Rcyl and
length l is given by:
∆E= ǫ
ldEd
dx
=
4πa3nd
3
ǫldE1
dx
,
≃ 4× 1017a3
−5
( nd
1023 cm−3
)(ǫldE1/dx
1010eV
)
eV , (12)
where a−5 = (a/10
−5 cm). The exact value of ǫ is un-
certain. Simulations show that about ∼ 60 − 80% of
dE/dx went to electron kinetic energy (see Meftah et al.
1994). Since some fraction of the electron kinetic energy
is spent in radiation, in the following, we take ǫ = 0.5 as
a conservative value.
To evaluate the damage induced by this huge energy
∆E, we first need to calculate the instantaneous temper-
ature of the heated cylinder. In the high temperature
limit, the specific heat capacity from the Debye model
reads CV = (3N − 6)k ∼ 3Nk where N = nsπR
2
cyll is
the total number of atoms in the cylinder and ns is the
atomic number density of the spacecraft.
As a result, the instantaneous temperature can be es-
timated as 8
Tcyl=
∆E
CV
=
(
a
Rcyl
)3
4Rcyl
9
ǫdE1/dx
k
,
≃ 5× 1013ǫ
(
a
Rcyl
)3(
Rcyl
1 cm
)(
dE1/dx
1010 eV cm−1
)
K,(13)
where ns ∼ nd ≈ 10
23 cm−3 is assumed for both the
dust grain and spacecraft. We also assume that all
ion energy loss is converted to heat, even though some
small fraction of secondary electron energy is converted
to Bremsstrahlung radiation.
When Tcyl exceeds the evaporation temperature
Tevap = U0/3k, the overheated matter rapidly changes to
vapor state, resulting in complete evaporation (see e.g.,
Tielens et al. 1994). For Tcyl ∼ Tm, the heated matter is
melted, changing from solid to liquid state.
Figure 10 presents a schematic illustration of the inter-
action between a micron grain with the spacecraft and
a snapshot of the modification of the surface structure.
Atoms in a limited volume are heated above the binding
energy, such that they escape suddenly from the surface.
The final outcome is an empty crater on the spacecraft
surface. Material in a more extended cylinder is melted.
We investigate these scenarios in the next subsections.
5.2. Expected damage to the spacecraft by dust
bombardment
5.2.1. Grain size distribution
Since the effect of dust collision crucially depends on
the size of dust grains, it is important to know the size
distribution of interstellar grains. Current models of in-
terstellar dust (e.g., Weingartner & Draine 2001a) show
that most grain mass is concentrated below ∼ 0.25µm,
8 Immediately after a collision, the temperature in the interac-
tion cylinder tends to decrease with increasing distance from the
cylinder core, and decrease with time as the cylinder spreads out
due to heat conduction. The temperature is averaged over the rect-
angular cross-section of the affected cylinder (see Appendix B) for
more details.
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and very little dust is present above 0.3µm. We note
that the size distribution of interstellar dust toward Al-
pha Centauri is very uncertain, thus we will use the well-
known model of Weingartner & Draine (2001a) to eval-
uate the expected damage. As new data comes in, these
results can be easily updated.
For our calculations, we assume that interstellar dust
grains have the following size distribution:
dnj
nHda
=
Cj
a
(
a
at,j
)αj
F (a;βj , αj)G(a;βj , αj), (14)
where where j = sil, gra for silicate and graphite compo-
sitions, at,j, ac,j are the model parameters, and Cj is a
constant determined by the total gas-to-dust mass ratio
Rg/d (see Weingartner & Draine 2001a for more detail).
The coefficient functions F and G read:
F =1 + βa/at for β > 0, (15)
F =(1− βa/at)
−1 for β < 0, (16)
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and
G(a;βj , αj)=1 for a < at,j , (17)
G(a;βj , αj)= exp
(
−[(a− at,j)/ac,j]
3
)
for a > at,j.(18)
For a standard model of the diffuse ISM with the total-
to-selective extinction ratio RV = 3.1, we adopt the
parameters from Weingartner & Draine (2001a). The
value of the gas-to-dust mass ratio is Rg/d ∼ 100 for
the ISM. This size distribution of both interstellar sili-
cate and graphite drops exponentially for a > 0.25µm,
so we adopt the upper cutoff of the size distribution
amax = 1µm, and the lower cutoff amin = 0.001µm,
unless explicitly stated otherwise.
5.2.2. Formation of Craters due to Explosive Evaporation
For sub-micron size dust grains, the heat by the grain
collision mainly induces transient spot heating, resulting
in sudden evaporation of a small volume (e.g., cylinder),
and creates a hole or a crater on the spacecraft surface.
The rate of collisions of the spacecraft with the dust
component j is given by
Rcoll(a) = nj(a)vA, (19)
where nj(a) = dnj/da, and the cross-section of the dust
grain which is much smaller than A has been disregarded.
Let Rcyl,evap be the radius of the hot cylinder that is
heated to Tevap. To find Rcyl,evap, we set Tcyl = Tevap in
Equation (13) and obtain
πR2cyl,evap =
ǫdEd/dx
nsU0
=
4πa3ǫdE1/dx
3U0
, (20)
where nd ∼ ns is the number density of dust. Plugging
relevant numerical parameters, we obtain
Rcyl,evap ≃ 15a
3/2
−5
(
ǫdE1/dx
1keVnm−1
)1/2 (
6eV
U0
)1/2
µm. (21)
From Equation (19), the surface area of the spacecraft
eroded by dust bombardment in a time interval dt is (see
Equation 5):
dSevap =
∑
j
∫ amax
amin
nj(a)davA × πR
2
cyl,evap × dt,(22)
where j = sil, gra for silicate and graphite compositions
of the interstellar dust.
The fraction of the spacecraft surface area evaporated
after traversing a column NH is then equal to
fS,evap
NH
=
∑
j
∫ amax
amin
Rcoll(a)
A
4πa3
3
dE1/dx
U0
dnj
da
da,
=
∑
j
∫ amax
amin
4πa3
3
ǫdE1/dx
U0
dnj
da
da, (23)
where j = sil, gra. We note that explosions result in the
sudden loss of spacecraft material, so the effect of overlap
between different collisions can produce deeper craters,
such that the total area of craters can exceed the surface
area A of the spacecraft.
5.2.3. Melting and Modification of Material Structure
Due to heat conduction, atoms in an extended cylinder
with radius r > Rcyl,evap can be heated to the melting
point Tm (see Appendix B), so that matter within the
cylinder is melted. Above the melting point, thermal
sublimation (Guhathakurta & Draine 1989) can occur,
resulting in the loss of the spacecraft mass. In addition
to radiative cooling, thermal sublimation induces evapo-
rative cooling, which reduces the sublimation rate. The
subsequent evolution of the molten matter is essentially
determined by thermal sublimation, thermal radiation,
and heat conduction.
For insulators (e.g., quartz), heat conduction is less
efficient than sublimation and radiative cooling. For
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highly conducting material like graphite, heat conduction
is important, suppressing the efficiency of sublimation.
HLS15 found that thermal sublimation is inefficient be-
cause of rapid cooling by radiation and evaporation. As
a result, the molten matter will cool down to below the
melting point before another collision with interstellar
dust because the mean time between two successive colli-
sions is much longer than the cooling timescales. There-
fore, the main consequence of melting is to induce the
modification of the material structure, i.e., the newly-
established structure will not be the same as the initial
state. Here we assume that it is the protective surface
of the spacecraft that is melted. Naturally, electronic
devices heated above the melting point would lose their
functionality.
The radius of the melting cylinder can be evaluated by
Equation (20) where U0 is replaced by 3kTm:
πR2cyl,m =
ǫdEd/dx
3nskTm
=
4πa3ǫdE1/dx
9kTm
. (24)
The fraction of melting surface area can be approxi-
mately estimated as in Equation (23):
fS,m = 1− exp

−NH∑
j
∫ amax
amin
4πa3
9
ǫdE1/dx
kTm
dnj
da
da

 , (25)
where the overlap between molten cylinders is accounted
for.
Figure 11 shows the fraction of the spacecraft surface
that is evaporated (red lines) and melted (blue lines)
due to dust bombardment for quartz (left panel) and
graphite (right panel). At v = 0.2c, we find that about
20% of the surface is eroded after a gas column NH ∼
3 × 1017 cm−2 for both quartz and graphite, which are
well below the observed values toward α Centauri (see
shaded region). Melting is the most efficient for quartz
surface, which melts the surface after NH ≤ 10
17 cm−2
for the considered speeds. Melting for graphite is less
efficient and requires NH ≥ 3× 10
17 cm−2.
5.2.4. Spacecraft volume eroded by dust bombardment
Next we estimate the total volume of the craters
formed by interstellar dust grains. A dust grain of size a
can heat all atoms in some volume δV (a) to an average
energy equal to the binding energy U0,
nsδV (a)U0 = ǫVEd =
4πa3nd
3
ǫVmv
2
2
, (26)
where m is the average mass of grain atoms, and ǫV is
the fraction of the grain kinetic energy Ed converted to
kinetic energy of secondary electrons which will go into
lattice heating. We conservatively assume ǫV = 0.5.
The ratio of the total volume of craters to the space-
craft volume LA is then obtained by integrating δV (a)
over the grain size distribution and collision rate:
fV,evap
NH
=
∑
j
∫ amax
amin
Rcoll(a)
LA
4πa3
3
ǫVmv
2
2U0
dnj
da
da,(27)
=
∑
j
∫ amax
amin
4π
3L
ǫVmv
2
2U0
a3dnj
da
da, (28)
where j = sil, gra, and ns ∼ nd has been used.
Similarly, we can evaluate the volume filling factor of
molten material as follows:
fV,m = 1− exp

−NH∑
j
∫ amax
amin
4π
3L
ǫVmv
2
6kTm
a3dnj
da
da

 ,(29)
where the overlap of molten cylinders is accounted for
melting (cf., explosive evaporation).
Figure 12 shows the fraction of the spacecraft vol-
ume, fV , eroded by dust bombardment (red lines) for
quartz (left panel) and graphite (right panel), assuming
the spacecraft surface of L = 1 cm thick. The value of
fV increases rapidly with increasing v, in contrast to the
fraction of damaged surface area fS , consistent with the
fact that the faster dust grain can penetrate deeper into
the spacecraft. For v = 0.1 − 0.2c, the spacecraft sur-
face will be eroded up to 30% of its volume by the time
the spacecraft reaches α Centauri, passing the ISM with
the column density NH,obs ∼ 3 × 10
17 − 1018 cm−2. The
fraction of the volume melted by dust bombardment is
presented by the blue lines. For v = 0.1−0.2c, the entire
spacecraft of quartz material may be melted to a depth of
L = 1 cm, but melting for graphite is much less efficient,
as expected.
5.2.5. Evaporation by whole target heating
When the size of the dust grain is sufficiently large, it
can result in complete destruction of the spacecraft after
a single collision. Indeed, due to the macroscopic size of
the projectile grain, atoms in the grain interior interact
with less target atoms than the outer ones, allowing them
to penetrate deeper into the target. As a result, the com-
plete destruction of the spacecraft is perhaps possible.
The critical size ad,c of the grain required for com-
plete destruction of the spacecraft can be evaluated by
setting dV in Equation (26) to the spacecraft volume
LA = LH2:
ad,c
H
=
(
6nsU0
4πndǫVmv2
)1/3(
L
H
)1/3
,
≃ 0.002ǫV
(
12ns
M˜nd
)1/3(
U0
6 eV
)1/3 (
0.2c
v
)2/3(
L
H
)1/3
,(30)
where M˜ is the average atomic mass of the dust.
Figure 13 shows the values of ad,c as a function of the
spacecraft length L for H = 0.1 cm and 0.3 cm. For one
gram mass spacecraft (e.g., L = 5 cm and H = 0.3 cm
with density ρ ∼ 2.2 g cm−3) moving at v = 0.2c, a very
big grain of ad,c ∼ 15µmmay destroy it after a single col-
lision. Smaller spacecrafts of L = 1 cm and H = 0.1 cm
are evaporated by large grains of ad,c ∼ 4µm, at the
same speed.
The total collision rate for the complete evaporation is
obtained by integrating Rcoll over the grain size distri-
bution from ad,c to amax:
Rcoll =
∑
j
∫ amax
ad,c
Av
dnj
da
da. (31)
Assuming a constant gas-to-dust mass ratio, the col-
umn density of gas swept by the spacecraft before its
complete destruction is Ncoll = nHvR
−1
coll. The chance
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of colliding with destructive grains of 15µm is less than
unity up to a huge gas column Ncoll ∼ 10
68 cm−2, assum-
ing A = 0.3× 0.3 cm2 and v = 0.2c.
6. HEATING OF SPACECRAFT AND ITS DAMAGE
6.1. Heating, Cooling and Equilibrium Temperature
In Section 4 we show that transient heating by heavy
atoms can produce damage track of a few nanometers,
while light atoms convert their energy into heating the
entire spacecraft without inflicting any significant dam-
age. In this section, we will evaluate the equilibrium tem-
perature of the spacecraft due to collisional heating and
radiative heating by absorption of interstellar starlight.
Collisional heating is dominated by light elements (H
and He) because they contain most of the gas mass.
Thus, the rate of collisional heating to the spacecraft
surface can be written as
dEh,coll
dt
=
∑
i
xinHvA
(
miv
2
2
)
≃
1.4nHmHv
3A
2
,
≃ 2.5× 105nHA
( v
0.2c
)3
erg s−1, (32)
where the factor of 1.4 accounts for the abundance and
mass of He relative to H, and the minor contribution of
heavier atoms is ignored.
The rate of radiative heating by the interstellar radia-
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due to collisional heating by interstellar gas of various densities.
tion (ISRF) of spectral energy density u(ν) is given by
dEh,rad
dt
=
∫
dνcu(ν)Qabs,νA = curadA. (33)
where urad =
∫
u(ν)dν, and the absorption efficiency is
denoted by Qabs,ν .
For the ISRF with urad = 8.64 × 10
−13 erg cm−3
(Mathis et al. 1983), we have dEh,rad/dt ∼
0.026A〈Qabs〉 erg s
−1. Therefore, for a relativistic
spacecraft, the radiative heating by the ISRF is neg-
ligible compared to collisional heating by interstellar
gas.
The front surface of the spacecraft also emit thermal
radiation, which results in radiative cooling at rate:
dEc,rad
dt
=
∫
dνAQabs,νBν(T ) = A〈Qabs〉TσT
4, (34)
where
〈Qabs〉T =
∫
dνQabs,νBν(T )∫
dνBν(T )
(35)
is the Planck-averaged emission efficiency. The emission
efficiency 〈Qabs〉T = 1. Here, the Doppler shift correction
is negligible for v ≤ 0.2c.
The surface temperature can be estimated by balanc-
ing the collisional heating and the radiative cooling i.e.
Teq≃
(
1.4nHmHv
3
2σ
)1/4
,
≃ 258
( nH
1.0 cm−3
)1/4 ( v
0.2c
)3/4
K. (36)
Figure 14 shows the surface temperature of the space-
craft at different speeds in the interstellar gas of var-
ious densities of nH = 0.1 − 10
3 cm−3. The average
density along the line of sight to α Centauri is n¯H =
NH,obs/1.34pc ≃ 0.07 − 0.24 cm
−3. Therefore, unless
there exist clumps of density nH ≥ 10
3 cm−3 along the
spacecraft journey toward α Centauri, the diffuse ISM of
nH ≤ 10 cm
−3 only heats the spacecraft to surface tem-
perature of T < Tm, which is insufficient to cause serious
damage such as melting.
6.2. Heat transfer and temperature profile in the
spacecraft
When the spacecraft surface is heated to a high tem-
perature, such as by passing a very dense clump, heat
conduction from the surface toward the inner spacecraft
must be studied in order to assess potential damage to
electronic components by overheating.
Let T0 be the surface temperature. At the surface
layer, energy conservation gives:
dEcoll/dt+ dErad/dt = σT
4
0 〈Qabs〉TA+ Q˙cdA, (37)
where Q˙cd is the heat flux transported from the surface
to the inner layer through heat conduction.
In the case of steady heat conduction (i.e., constant
heat flux), the temperature at depth x from the surface
can be described by the heat conduction equation:
−
κdT
dx
= Q˙cd, (38)
where the thermal conductivity coefficient κ is given by
κ = αρcp(T ), (39)
where cp(T ) is the specific heat capacity at temperature,
and α is the thermal diffusivity.
For the case of low heat conductivity, the value of T0
can be directly obtained from Equation (37), which pro-
vides T0 ∼ Teq with Teq given by Equation (36).
The temperature at depth x from the surface can be
obtained by the following equation:∫ T
T0
αρcp(T )dT = Q˙cdx, (40)
where the explicit dependence of κ on T is accounted for.
We numerically solve Equation (40) using the func-
tion of cp(T ) for quartz and graphite from Draine & Li
(2001). We consider the range of diffusivity α = 0.01−
0.05 cm2 s−1 for quartz, and α = 0.1 − 2 cm2 s−1 for
graphite.
Figure 15 shows the derived temperature profile for
quartz and graphite in the interstellar gas of various num-
ber density nH = 0.1, 1, 10 cm
−3. The lower diffusivity of
quartz results in slow heat conduction, yielding a larger
temperature difference over a depth of 10cm. Standard
graphite has high thermal conductivity of α = 2 cm2 s−1.
Therefore, the temperature is slightly different over a
depth of 10 cm.
Our results from the sections above suggest that a ma-
terial with low thermal conductivity is advantageous in
avoiding the heating problem if the spacecraft encoun-
ters gas clouds of enhanced density. Spacecrafts made of
high thermal conductivity material may suffer damage in
these situations. But if there is no dense clumps along
its journey, the spacecraft has no serious problem with
heating from the diffuse interstellar gas.
7. DISCUSSION
7.1. Damage of spacecraft due to interstellar gas and
dust
7.1.1. Our main results
We have quantified the damage to a spacecraft of simi-
lar specifications as the proposed Breakthrough Starshot
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spacecraft due to collisions with interstellar gas and
dust. We considered two types of materials: quartz and
graphite. The major effect of collisions with gas atoms
is the damage of the surface area due to track forma-
tion. This type of damage mostly results the reduction
in the strength of the material structure. We find that
damage by energetic ions is most important for quartz,
whereas graphite material of high conductivity is dam-
aged only when moving at a speed v ≤ 0.15c. At larger
speeds, graphite is not damaged considerably because of
the decrease in the ion energy loss with increasing v.
Interstellar dust bombardment induces transient spot
heating, which can result in the sudden evaporation of
atoms from the surface, producing craters on the space-
craft surface. Crater formation by interstellar dust is
important for both quartz and graphite composition, al-
though the evaporation depends on the binding energy
which is slightly different for these two materials. In ad-
dition, dust bombardment also results in sudden melting
of the surface. This melting process does not erode the
surface but modifies its structure and may cause elec-
tronic devices to malfunction.
Figure 16 shows the thickness of the surface layer dam-
aged by dust bombardment and gas bombardment as a
function of NH for the different speeds. The value of Ldm
is determined by the thickness L at which fV,evap = 1 for
evaporation (Equation 28) and fV,m = 0.9 for melting
(Equation 29, dust bombardment) or track formation
(Equation 10) gas bombardment). At speed v = 0.2c,
the entire surface can be evaporated to the depth of
∼ 0.5 mm (0.7mm) whereas melting can damage to a
larger depth of 3 mm (1 mm) for quartz (graphite) af-
ter the spacecraft has swept a column density of NH ∼
3× 1017 cm−2. Since the expected gas column towards α
Centauri is NH,obs ∼ 3 × 10
17 − 1018 cm−2 (shaded area
in Figure 16), the expected damage is up to three times
larger.
Figure 16 shows that explosive evaporation (melting)
by interstellar dust is at least one order (two orders) of
magnitude more efficient than the damage by interstel-
lar gas. While containing ∼ 1 percent of mass, dust is
composed of only heavy elements. Moreover, an individ-
ual heavy atom of atomic mass M < 50 cannot produce
damage track at v ∼ 0.2c because of low energy loss
dE/dx, but a dust grain containing ∼ 1010 of such heavy
atoms can deposit a huge amount of energy to a larger
cylinder that induces sudden evaporation of a spot on
the spacecraft.
Finally, spacecrafts of one gram mass (i.e., L =
5 cm, H = 0.3 cm) can be completely destroyed by in-
terstellar dust grains larger than 15µm after a single
collision. However, this very big grain population is ex-
tremely rare in the ISM, and along the entire trajectory
to α Centauri, the chance of encountering one such grain
is negligible of ∼ 1018/1068 = 10−50.
7.1.2. Uncertainty in the abundance of very big grains in
the ISM
Our estimates of the damage by interstellar dust,
including the extremely low chance of hitting very
big grains (∼ 10−50) are obtained by using the
standard size distribution of interstellar grains from
Weingartner & Draine (2001a), where the abundance of
very big grains of size a > 1µm is very low.
Nevertheless, the grain size distribution in the local
interstellar medium may be different from that of the
average Galactic ISM (Eq. 17). For instance, the
analysis of data from Ulysses and Galileo spacecrafts
in Frisch et al. (1999) shows that the local ISM con-
tains a large amount of micron-sized grains, with the
power law has upper limit up to ∼ 3µm. In particu-
lar, radar automatic surveys have detected interstellar
meteoroids between 10 − 30µm (Baggaley 2000). Vari-
ous measurements (see Musci et al. 2012, Figure 1) show
a flux of interstellar particles (IP) as a function of the
particle mass m: fIP ∼ 10
5(10−12 g/m)−1.1km−2h ∼
0.09(10−12 g/m)−1.1 cm−2 yr−1. With these measure-
ments, the chance of encountering a very big grain of size
above 10µm is 7.99× 10−8 over a journey of 20 years.
Poppe (2016) presents a model of interplanetary dust
that reproduces the in-situ data. According to this study,
the number density of very big particles of size a ≥ 5µm
at heliodistance d is nIP ∼ 10
−18 cm−3(d/70AU)−η
where η > 0.5. Integrating over the entire journey to
distance d, we can estimate the number of the a ≥ 5µm
particles that the spacecraft can encounter is NIP ∼
0.13(d/1.3 pc)−η/0.5(A/1 cm2). For a cross-section A =
0.3 × 0.3 cm−2, we get NIP ∼ 0.01(d/1.3 pc)
−η/0.5, thus
it is unlikely that the spacecraft will be destroyed by col-
lisions with very big particles (a ≥ 5µm). Moreover,
reducing A can reduce the chance of colliding with such
big particles. We note that the Poppe’s model was de-
veloped for dust in elliptic plane whereas the direction
to α Centauri is out of this plane. Therefore, the column
density of such big grains is expected to be much lower
than NIP, and the chance of spacecraft destruction via
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Fig. 16.— Thickness of surface damaged by dust bombardment and gas bombardment for quartz (left) and graphite (right). Melting for
graphite is less efficient than for quartz because of its high melting temperature.
this process is much smaller.
7.2. Possible ways to protect the spacecraft
Our study has identified the risk of damage from both
gas bombardment and dust collisions to the spacecraft
and so we now consider the ways of mitigating those risks.
The first obvious step towards protecting the spacecraft
from bombardment of large dust particles is to minimize
the cross sectional area (see also Lubin 2016). This is
because the rate of hits scales as the cross sectional area
as well as the speed. The surface does not play a role
in protecting against gas bombardment since, after the
spacecraft traverses 1 pc, 100% of its surface is eroded
away. This damage can be mitigated with protective lay-
ering made of high conducting material such as graphite.
The concern with protective layers for the Starshot mis-
sion is the weight of the spacecraft as the entire system
should be on the gram-scale. Therefore, we recommend
both to add a protective layer and to minimize the space-
craft incident surface area (i.e., to avoid large grain hits
as well as to minimize the mass of the protective layer).
To prevent damage by gas bombardment, the space-
craft can be protected with a thin layer of 0.01 mm made
of highly conducting material, such as graphite or beryl-
lium. For dust bombardment, the crater formation is
insensitive to the material because it is determined only
by the binding energy and the total thickness of protec-
tive shielding. Our results suggest that a shield made of
graphite of ∼ 1-3 mm thickness will be required to pre-
vent the melting by dust bombardment. A shield made
of Be of several mm thick is suggested by Lubin (2016).
For a thin lightsail, gas atoms essentially pass through
the sail without damage (see Section 4). Dust grains will
likely produce a number of punch with size comparable
to the dust grain radius (Early & London 2015). In order
to protect the lightsail from dust/gas bombardment the
lightsail should be folded and retracted behind the pro-
tective material in a needle-like configuration. Another
solution may be to put the lightsail behind the protective
material but in front of the Starchip, to further protect
the more sensitive electronic equipment. Retracting the
lightsail behind the protective coating will also reduce
mechanical torque on the spacecraft due to surface irreg-
ularities.
A thin foil may be put in front of the spacecraft at
some distance, such as dust grains will be exploded by
Coulomb explosions before hitting the spacecraft (Jim
Early, private communication). The foil must be suffi-
ciently thick to slow down the dust ions so that they
will cause minor damage to the spacecraft via sputtering
effect.
7.3. Deflection of dust particles
We found that larger interstellar dust grains play a
dominant role in the damage of a relativistic spacecraft.
Thus, it is crucial to deflect them from the path of space-
craft. Below, we discuss two potential ways to deflect in-
terstellar dust. Dust particles can be optically detected
ahead of the spacecraft and deflected or destroyed.
7.3.1. Electric deflection
Relativistic spacecrafts accumulate positive charge
through photoelectric emission while moving in the ISM.
Since large interstellar grains have positive charge (see
Draine 2011), they can be deflected by strong electric
field of the spacecraft.
Let Zspe be the positive charge that the spacecraft has
accumulated in the ISM. The closest distance that a dust
grain of positive charge Zde can approach the spacecraft
is determined by
mdv
2
2
=
ZdZspe
2
r
, (41)
which yields
rmin =
2ZdZspe
2
mdv2
. (42)
Plugging Zsp = Zsp,max = 7.5 × 10
14a2sp with a
3
sp =
3LH2/4π being the effective size of the spacecraft (see
Eq. A2) and md = 1.25× 10
−14a3
−5 g, we obtain
rmin ≃ 2.3× 10
−8a2spa
−3
−5(Zd/30)(v/0.2c)
−2 cm. (43)
Therefore, even if we can charge the dust grain to
Zd,max = 7.5× 10
4a2
−5, it still cannot help to deflect the
dust grains via Coulomb repulsion because rmin much
smaller than the spacecraft dimension asp ∼ 1cm.
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7.3.2. Radiation pressure deflection
Scattering and absorption of radiation from the space-
craft can also accelerate interstellar dust grains. The
deflecting force that a laser beam can apply to the grain
is proportional to sin θ, where θ is the angle that the
laser beam makes to the spacecraft trajectory. The radi-
ation pressure force that repels the dust grain out of the
spacecraft trajectory is given by, Frad = P sin θ/c, where
P is the laser power, and perfect absorption is assumed.
For a small spacecraft the angle θ is small, which would
suggest that it is better to use two spacecrafts moving
along the same line, with one of them cleaning the way
to the other.
To enhance the force impact on the dust grain, one can
evaporate part of dust grain with the evaporated parti-
cles acting as a rocket jet for the purpose of deflection.
The volatiles on the particle (e.g., ices) can be easily
evaporated. Indeed, this can be used to mitigate the
damage from big particles where it is possible to heat
the particle on one side.
7.4. Effect of interstellar magnetic field on the
spacecraft trajectory
Since the spacecraft are positively charged, its trajec-
tory may be be affected by the interstellar magnetic field
B. The gyroradius of a charged spacecraft moving across
B with perpendicular velocity v⊥ is
rg =
mspcv⊥
ZspeB
≃ 150
( v⊥
0.2c
) ρˆasp
Bˆ
Zsp,max
Zsp
pc, (44)
where Zspe is the equilibrium charge, and ρˆ = ρ/3 g cm
−3
with ρ being the mass density of the spacecraft, Bˆ =
B/10µG with B the magnetic field strength.
We find that the Larmor radius is about 150 pc for a
maximally charged spacecraft. Therefore, the effect of
magnetic fields is negligible.
7.5. Thermal energy battery
We have found that the spacecraft can be dominantly
heated by interstellar gas. For an average density n¯H ∼
0.1 cm−3, the temperature is about ∼ 280K at speed
v = 0.2c. If there exists some dense clumps of density
nH ∼ 100 cm
−3 along the journey, the spacecraft surface
can be heated to T ∼ 800 K. This uniform temperature
is insufficient to damage the spacecraft, but its heat may
be used to power electronic devices.
A potential method for energy storage is to use ther-
mal battery. For this purpose, the temperature difference
must be sufficiently large. We find that materials of low
conductivity (e.g., quartz) can produce larger tempera-
ture difference. Similarly, elongated spacecraft may be
advantageous for having a large temperature difference,
as shown in Figure 15.
7.6. Comparison to other studies
Lubin (2016) discussed the risk from interstellar dust
by estimating the total number of collisions with inter-
stellar dust by the time the spacecraft reaches α Centauri
for several shapes of the spacecraft, but did not quan-
tify the consequence of dust collisions to the spacecraft.
In this paper, we have investigated in detail the conse-
quence of dust collisions by applying the microphysics of
collisions of energetic particles on solid. Although the
energy transfer of the dust grains is rather small com-
pared to the spacecraft kinetic energy, as pointed out by
Lubin (2016), we have found that such energy from dust
collisions can heat the spacecraft surface to high temper-
atures, resulting in melting and craters. We have also
studied the damage by energetic gas atoms and found
that heavy ions, such as iron, can damage the spacecraft
surface to a few mm depth by means of track formation.
8. SUMMARY
We have investigated in detail the interaction of a rel-
ativistic spacecraft with gas atoms and dust grains in
the interstellar medium on the journey toward the near-
est star system, α Centauri. The principal results are
summarized as follows:
1 We find that heavy atoms in the interstellar gas
can transiently produce damage tracks of sev-
eral nanometers radius in the spacecraft, which
lead to the modification of the material structure.
Through this effect, interstellar gas can damage
the spacecraft surface to a depth of ∼ 0.1 mm for
quartz composition, after the spacecraft sweeps a
gas column density NH ∼ 2 × 10
18 cm−2. If the
spacecraft is made of highly conductivity material,
such as graphite, damage by heavy gas atoms can
be prevented by quickly transferring their energy
throughout the spacecraft and therefore averting
the track formation.
2 Interstellar dust can produce numerous craters on
the spacecraft surface as a result of explosive evap-
oration following each dust grain encounter. This
effect can erode the entire surface of the spacecraft
to a thickness of ∼ 0.5 mm after it has swept a gas
column of NH ∼ 3 × 10
17 cm−2 for v ∼ 0.2c. This
column density is lower than the measured column
of NH,obs ∼ 3 × 10
17 − 1018 cm−2 towards α Cen-
tauri. Dust bombardment also induces melting of
the surface layer and modify its structure, which is
more efficient than explosive evaporation.
3 We estimated that an encounter with a dust grain
larger than 15 µm will completely destroy gram-
scale spacecrafts. Given the low abundance of very
big grains in the ISM, their effect is likely to be
unimportant.
4 We calculated the equilibrium temperature of the
spacecraft due to heating by collisions with gas
atoms (dominated by light elements, H and He)
and interstellar radiation field. For the local diffuse
medium of density nH ≤ 10 cm
−3, the temperature
is insufficient to induce any melting.
5 We have identified several ways to protect the
spacecraft, a needle-like configuration as well as
materials suitable for the lightsail and protective
layers using the obtained quantitative estimates.
Edge treatment is discussed in Lubin (2016).
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APPENDIX
A. DUST PHYSICS
A.1. Maximum charge of Starchip
Efficient charging by photoelectric emission and collisional ionization can rapidly increase the positive charge of the
Starchip, which results in an increased electric surface potential φ = Ze/a and tensile strength S = (φ/a)2/4π. When
the tensile strength exceeds the maximum limit that the material can support Smax, the grain will be disrupted by
Coulomb explosions.
Setting S = Smax, we can derive the maximum surface potential and charge that the Starchip still survives:
φmax ≃ 1.06× 10
3
(
Smax
1010dyn cm−2
)1/2
a−5V, (A1)
Zmax ≃ 7.4× 10
4
(
Smax
1010dyn cm−2
)1/2
a2−5. (A2)
The value Smax is uncertain due to the uncertainty in the grain composition. Experimental measurements for ideal
material provide Smax ∼ 10
11dyn cm−2. Assuming that the spacecraft is made of the strongest material, e.g., Tungsen,
we adopt Smax ∼ 10
10dyn cm−2 for our numerical considerations unless stated otherwise.
B. HEAT CONDUCTION AND TEMPERATURE PROFILE IN THE HOT CYLINDRICAL TRACK
Range of electrons in solid
It is of interest to mention the the range of the electron in solid. With a kinetic energy Ee, the range of electron can
be approximately given by (see Draine & Salpeter 1979)
Re ≃ 118
(
ρ
3 g cm−3
)−0.85(
Ee
1 keV
)1.5
A˚, (B1)
where ρ is the mass density. For Ee < 1 MeV, the energy loss is mainly through electronic excitation and ionization,
whereas radiative loss through Bremsstrahlung radiation is negligible.
Heat conduction after energy deposition by hot secondary electrons
Below we discuss the evolution of the temperature of the hot cylindrical track following the passage of a relativistic
dust grain into the solid. The cylinder along the grain path is instantaneously supplied with an energy per length
unit, Q. The temperature of the hot cylinder decreases with time t and radius r as given by
T (r, t) =
Q
4πκt
exp
(
−
r2
4αt
)
, (B2)
where α is thermal diffusivity and κ is the conductivity coefficient (see e.g., Leger et al. 1985). For the high temperature
limit, κ = αρc = 3α is constant.
At each moment, the Gaussian distribution of the temperature versus r (Equation B2) can be approximated as a
rectangular profile. Thus, the instantaneous radius of the hot cylinder can be determined by the radius at which
T (r, t) = T (0, t)/2. Following the energy conservation, we have:
3nskπR
2
cyllTcyl(t) = Ql. (B3)
Sudden evaporation occurs for Tcyl ≥ U0/3k, and melting occurs when Tcyl ≥ Tm. Therefore, evaporation and
melting induces sudden damage of the spacecraft. We estimate the surface area of such a damage using Equation (B3).
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